Predictors of atypical birefringence pattern in scanning laser polarimetry Methods: A total of 179 eyes from 82 normal subjects and 97 glaucoma patients were included. The retinal nerve fibre layer in each eye was imaged sequentially with GDx variable corneal compensation (VCC) and GDx enhanced corneal compensation (ECC) (Carl Zeiss Meditec, Dublin, California). The associations between the typical scan score (TSS) and age, axial length, spherical error, parapapillary atrophy (PPA) and visual-field mean deviation (MD) were evaluated with univariate and multivariate regression analyses.
Results: 23.5% (42/179) and 5.0% (9/179) of subjects had ABP (TSS,80) with GDx VCC and GDx ECC, respectively. For both GDx VCC and ECC, the TSS was significantly correlated with age, axial length, spherical error and PPA, but not with visual-field MD. After adjusting the effect of covariates, the axial length/ spherical error and PPA were significantly associated with GDx VCC TSS, whereas the axial length/spherical error was the only predictor for GDx ECC TSS. Myopic eyes were more likely to develop ABP in both GDx VCC and ECC. Conclusions: Axial length or spherical error is a significant predictor for ABP with both GDx VCC and GDx ECC. Caution should be exercised in interpreting the results of scanning laser polarimetry in eyes with a long axial length or myopia.
Scanning laser polarimetry (SLP) is one of the imaging modalities that provides measurement of parapapillary retinal nerve fibre layer (RNFL) thickness. SLP determines the RNFL thickness based on the birefringence property of the RNFL. 1 By measuring the phase retardation of polarised scanning laser beams, the RNFL thickness was estimated after neutralising the influence of corneal birefringence. The prevailing commercial instrument-GDx VCC-is equipped with a variable corneal compensation allowing individualised compensation of the corneal birefringence effect. 2 Nevertheless, it has been recognised that the presence of an atypical birefringence pattern (ABP) in SLP could confound the measurement of RNFL thickness. 3 ABP is characterised by irregular patches of elevated retardation values that do not match the expected retardation based on the RNFL anatomy. GDx-enhanced corneal compensation (ECC), the most recent instrument, is designed to minimise the occurrence of ABP. 4 With GDx ECC, a ''bias retarder'' is introduced to the RNFL birefringence to increase the signal-to-noise ratio.
After image acquisition, the bias is subtracted, and the RNFL retardation values are calculated.
Although it has been shown that GDx ECC generates less ABP, it remains obscure as to what contributes to the development of ABP. 5 6 While it is commonly believed that ABP is more common in myopic eyes, a number of studies suggested that myopia may not result in ABP. 3 7 Nevertheless, the relatively small number of myopic subjects in these studies may limit their generalizability. Myopia is a prevalent ocular morbidity in Asia. 8 9 It is of clinical importance to determine whether myopia is related to the occurrence of ABP in GDx VCC and ECC. In this study, we investigate the relationship between the potential predictors of ABP (axial length, severity of glaucoma, parapapillary atrophy, age) and the typical scan score (TSS), a continuous variable (0-100) reflecting the degree of ABP.
METHODS Subjects
A total of 179 Hong Kong Chinese subjects (82 normal subjects and 97 glaucoma patients) were included in the study. Subjects were recruited from the general eye clinic, refractive surgery clinic and glaucoma clinic of the Hong Kong Eye Hospital. Subjects were excluded if they had a history of retinal disease, surgery or laser procedures, optic disc anomalies such as coloboma or optic disc drusen, or any kind of neurological diseases that might cause visual-field defects. One eye was randomly selected from each subject for analysis. For glaucoma patients, the eye with glaucomatous change (described below) was selected if the fellow eye was normal. All subjects underwent a full ophthalmic examination including visual acuity, refraction, A-scan ultrasound biometry, intraocular pressure measurement and fundus examination. Fundus photographs of the macula and optic disc were obtained using the Topcon fundus camera (TRC-50IX, Topcon Corporation, Tokyo) after pupil dilation. The presence of b parapapillary atrophy (PPA) (defined as a complete loss of retinal pigment epithelium with visible sclera) was determined by a trained ophthalmologist (QK) masked to other clinical information. The inclusion criteria were best-corrected visual acuity not worse than 20/40 and reliable visual-field results (described below). The study was conducted in accordance with the ethical standards stated in the Declaration of Helsinki and approved by the Clinical Research Ethics and the local clinical research ethics committee. Informed consent was obtained.
Visual field
Automated visual-field tests were performed in all subjects (Humphrey Field Analyzer II; Humphrey Instruments, Dublin, California) using the SITA standard 24-2 threshold programme. A reliable visual field was defined as having fixation losses, falsepositive and false-negative errors at or below 20%. Repeated testing was performed if the visual-field result was unreliable. All the included subjects had reliable visual-field results. Glaucomatous change was defined based on the presence of visual-field defects. (Since the TSS is directly related to the birefringence property of the optic disc region, including optic disc appearance as an inclusion criterion may lead to a biased conclusion in determining the predictors of TSS. Therefore, a functional measure was selected as a reference standard in defining glaucomatous damage.) A field defect was defined as having three or more significant (p,0.05) non-edge-contiguous points with at least one at the p,0.01 level on the same side of the horizontal meridian in the pattern deviation plot and classified outside normal limits in the glaucoma hemifield test. All the normal subjects had a normal visual-field test.
Scanning laser polarimetry
Scanning laser polarimetry (SLP) was performed using GDx VCC and GDx ECC (Carl Zeiss Meditec, Dublin, California) and analysed with software version 5.5.0.14. The GDx VCC and GDxECC quantify the RNFL by first measuring the eye-specific corneal birefringence, consisting of the corneal polarisation axis and magnitude. It is determined with a macular image acquired with the retardance of VCC/ECC set to 0. The Henle fibre layer and corneal retardation can then be measured from the macular retardation profile. To ensure accurate measurement, the software provides an image-quality check score (1 to 10) based on the correct alignment, fixation and refraction of the scan. A score of 8 was set to be the minimum standard as good-quality scans. Sixteen subjects were excluded because of poor image quality score despite repeated imaging. ABP commonly appears as variable and splotchy areas of high and low retardation not conforming to the normal anatomical profile of retinal nerve fibre layer in the retardation map. In order to evaluate the relationships between ABP and parameter variables, the typical scan score (TSS) of each eye was exported from the GDx software for analysis. The TSS is a result of support vector machine analysis generated based on the slope, SD and average magnitude of RNFL thickness measurements from the edge of the optic disc extending outward to 20u. The TSS ranges from 0 (atypical birefringence) to 100 (typical birefringence). In this study, ABP was defined as having a TSS,80. 6 
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STATISTICAL ANALYSIS
Statistical analyses were performed using SPSS software version 15.0 (SPSS, Chicago). GDx VCC and GDx ECC parameters were compared using a paired t test. An independent t test was used to compare subjects with and without b parapapillary atrophy (PPA). Univariate and multivariate regression analyses were used to investigate the association between age, axial length, b PPA, visual-field mean deviation (MD) and TSS. p,0.05 was considered statistically significant.
RESULTS
A total of 82 normal and 97 glaucomatous eyes from 179 subjects were included in the analysis. The mean age was 46.5 years (95% CI 44.4 to 48.6 years), and the mean axial length was 24.8 (95% CI 24.5 to 25.1). Table 1 compares the demographics, visual-field MD, GDx VCC and ECC parameters between the two diagnostic groups. The TSS measured by GDx ECC (96.0 (SD 10.6)) was significantly greater than that measured by the GDx VCC (84.7 (24.8)) (p,0.001). 25.6% (21/82) and 53.6% (52/97) of eyes had parapapillary atrophy (PPA) in the normal and glaucoma groups, respectively. Subjects with parapapillary atrophy had a longer axial length, more negative spherical error and a worse visual-field MD (all with p,0.001) ( Table 2) .
The TSS was significantly correlated with age, axial length, refraction and PPA in both GDx VCC and ECC (all with p(0.003), although there was no association between TSS and visual-field MD (table 3). After adjusting for the effect of age, both the axial length/spherical error and parapapillary atrophy were associated with the TSS in GDx VCC (table 4) . However, the only factor associated with GDx ECC TSS was axial length/spherical error after adjustment of other covariates (table 4) . Defining ABP as a TSS below 80, nine eyes (5.0%) were found to have ABP using GDx ECC, of which seven (77.8%) had a spherical error less than 26.0 D (table 5) . In contrast, 42 eyes (23.5%) had ABP using GDx VCC, of which 30 (71.4%) had a spherical error less than 26.0 D. Figure 1 demonstrates the persistence of ABP in GDx ECC in a normal eye (upper panel) and in a glaucomatous eye (lower panel). Both had a spherical error # 27 D.
DISCUSSION
Understanding the causes of an atypical birefringence pattern (ABP) is important for the interpretation for scanning laser polarimetry (SLP) retinal nerve fibre layer (RNFL) imaging. In this study, we showed that the presence of PPA and increased axial length were associated with reduced typical scan score (TSS) in GDx VCC whereas increased axial length was associated with reduced TSS in GDx ECC after adjustment of other covariates. Our results indicate that myopic eyes are more likely to develop ABP in both GDx VCC and ECC, although GDx ECC produces less ABP than GDx VCC.
Controversies exist regarding the association between ABP and refractive error. In the study by Orlev et al, 7 no correlation was found between refractive error and TSS in 61 glaucoma patients, glaucoma suspects and normal subjects. Bagga et al 3 also reported that there was no significant difference in mean refractive error between subjects (20 normal subjects, 45 glaucoma patients) with normal and abnormal birefringence patterns. In contrast, a recent study by Morishita et al 11 showed
that refractive error was correlated with TSS in 49 glaucoma patients with PPA, although no correlation was observed in 26 patients without PPA. However, the relative contribution of refractive error, glaucoma and PPA to ABP is unclear because these conditions often exist in the same eye. ABP has been suggested to be related to a low signal-to-noise ratio from loss of retinal pigment epithelium reflectivity. 4 12 It is conceivable that eyes with PPA are prone to developing ABP because of increased backscattering from the visible sclera. As PPA is more prevalent in myopic eyes and glaucomatous eyes (table 2) , it is uncertain whether PPA alone or in combination with myopia and/or glaucoma results in ABP. Analysing these factors with multivariate analysis is crucial in determining their relative contributions to the occurrence of ABP. Although increased age, axial length and the presence of PPA were all independently associated with TSS in the univariate analyses, axial length was the only significant predictor of GDx ECC TSS after adjusting the effects of age and PPA, whereas both axial length and PPA were significantly associated with GDx VCC TSS after adjusting the effect of age. Our finding suggests that independent of PPA, ABP is more likely to be found in myopic eyes.
In the current study, a higher prevalence of ABP was found in GDx VCC (23.5%) than GDx ECC (5.0%). The higher prevalence could be explained by the observation that the presence of PPA was associated with GDx VCC TSS independent of the axial length (table 3) . In other words, subjects with PPA with or without myopia may contribute to a significant proportion of ABP images observed in GDx VCC. It is conceivable that GDx ECC would be useful in reducing the incidence of ABP in subjects with PPA.
While increasing age has been consistently reported related to ABP, age was insignificant after adjustment of PPA and axial length in the multivariate model. In agreement with previous studies, the severity of glaucoma was not related to ABP. 3 7 Collectively, axial length is the most important factor in determining ABP in GDx VCC and ECC. Although the underlying causes for the association remain to be established, it is likely that retinal thinning together with reduced RPE reflectivity with increasing myopia could be accountable for the increased incidence of ABP in myopic eyes. Caution should be 
